Resorcylic acid lactones (RALs) are members of a unique family of macrolides that possess such potent biological activities as radicicol (Hsp90 inhibitor), 1) LL-Z1640-2 (TAK1 inhibitor), 2) hypothemycin (MAP kinase inhibitor), 3) and zearalenone (estrogen receptor agonist). 4) Despite their structural similarity, a highly reduced 14-membered macrolactone with resorcylate (2,4-dihydroxybenzoate) in its lactone ring, these RALs are mycotoxins produced by a variety of different fungal species via polyketide biosynthesis. 5) Lasiodiplodin 1 ( Fig. 1) was first reported as a metabolite produced by the fungus, Lasiodiplodia theobromae, functioning as a potent plant growth inhibitor, 6) and potent antileukemic activity was later characterized. 7) Lasiodiplodia theobromae is a wellknown fungus that produces the plant hormone, jasmonic acid, 6) as well as other physiologically active compounds such as theobroxide and its derivatives which are active in flower bud formation and/or potato micro-tuber formation, [8] [9] [10] [11] and a variety of lasiodiplodin derivatives active in potato micro-tuber formation. [12] [13] [14] [15] The biosynthesis of zearalenone and hypothemycin has recently been genetically characterized, indicating that these RALs were mainly synthesized by only two polyketide synthases (PKSs). [16] [17] [18] [19] Taking zearalenone as an example, the initial PKS was of the reducing type (R-PKS) named PKS4, containing minimal PKS condensation domains of ketosynthase (KS), malonylCoA:ACP acyltransferase (MAT), and acyl carrier protein (ACP); additional domains include those of dehydratase (DH), enoylreductase (ER), and ketoreductase (KR). The subsequent PKS was nonreducing PKS (NR-PKS) named PKS13, containing a putative starter unit-ACP transacylase (SAT), a putative product template (PT), and C-terminal thioesterase (TE) domains in addition to the minimal domains. The biosynthetic system for zearalenone starts with the reduced hexaketide acyl chain being synthesized by PKS4 and transferred to PKS13. PKS13 then extends the acyl chain with three acetyl-CoA units, and then facilitates an aldol condensation to yield the resorcylic acyl intermediate. Finally, it undergoes macrocyclization, resulting in the production of zearalenone. In the case of hypothemycin, the polyketide skeleton was presumably synthesized along almost the same pathway as that for zearalenone. The structures of lasiodiplodins are classified as those of a resorcylic acid lactone; however the 12-membered macrolactone ring is two carbons shorter than with the other RALs just described. Taking into consideration this structural similarity, lasiodiplodins are probably synthesized via the same biosynthetic system as other RALs.
We demonstrate in this report that lasiodiplodin (1) and (5S)-5-hydroxylasiodiplodin (2) were synthesized via a polyketide biosynthetic pathway in L. theobromae by the incorporation of 13 C-labeled acetate. The incorporation of the chemically synthesized 2 H-labeled precursors into 1 clearly indicates that lasiodiplodin was biosynthesized by a similar biosynthetic system to such other RALs as zearalenone and hypothemycin.
Results and Discussion
Lasiodiplodia theobromae was statically incubated in a 1% potato-glucose medium for 7 d. Three kinds of 13 C-labeled sodium acetate ([1-
13 C], [2-13 C], and [ 13 C 2 ]) were separately supplemented to the culture at a concentration of 10 mM. After an additional 10-d incubation, the culture was filtered to separate the mycelia and supernatant. The mycelia and supernatant were extracted with EtOAc. After those extracts had been combined and evaporated, the resulting residue was separated twice by PTLC, affording pure biosyny To whom correspondence should be addressed. Tel/Fax: +81-11-706-2505; E-mail: knabeta@chem.agr.hokudai.ac.jp Abbreviations: SNAC, N-acetylcysteamine thioester; RALs, resorcylic acid lactones; PKS, polyketide synthase; R-PKS, reducing PKS; KS, ketosynthase; MAT, malonyl-CoA:ACP acyltransferase; ACP, acyl carrier protein; DH, dehydratase; ER, enoylreductase; KR, ketoreductase; NR-PKS, nonreducing PKS thetically 13 C-labeled 1 and 2. The yields of 1 and 2 were in the range of 6.3-14.4 mg and 2.2-4.7 mg, respectively, per 150 ml of culture ( Table 1) .
The 13 C { 1 H}-NMR spectra of [1-13 C] acetate-derived 1 and 2 showed several enhanced signals at C-1, C-3, C-5, C-7, C-9, C-10a, C-12, and C-14. In contrast, those of [2-
13 C] acetate-derived 1 and 2 revealed enhanced signals at C-4, C-6, C-8, C-10, C-11, C-13, C-14a, and C-15. Labeled acetate-derived 1 and 2 were then acetylated, and the 13 C abundance ratio was calculated, referencing the relative intensity of the acetyl methyl signal of the C-12 hydroxyl group as 1.11% of natural abundance. The specific incorporation of 13 C to 1 and 2 was in the range of 3.4-6.0% and 3.5-6.0%, respectively (Tables 2 and 3 ). Moreover, the 13 C { 1 H}-NMR spectrum of [ 13 C 2 ] acetate-derived 1 and 2 showed intense 13 C-13 C coupling signals besides a methoxyl carbon signal at C-14. The coupling constants of several methylene carbons in the lactone ring were quite similar, making it difficult to recognize each pair of 13 C-13 C signals. In order to obtain definitive evidence for the 13 C-13 C coupled pair, we measured INADEQUATE spectral data for [ 13 C 2 ] acetate-derived 1 and 2 ( Fig. 2A  and B ). Both INADEQUATE spectra demonstrated clear 13 C-13 C labeling patterns of eight intact acetate units, C-1/C-14a, C-14/C-13, C-12/C-11, C-10a/C-10, C-9/ C-8, C-7/C-6, C-5/C-4, and C-3/C-15. These labeling patterns confirmed that the resorcylic acid lactone skeletons of 1 and 2 were constructed from eight acetate units via a polyketide biosynthetic pathway.
Since conclusive evidence for 1 and 2 being synthesized via a polyketide biosynthetic pathway in L. theobromae had been obtained, we further demonstrated whether lasiodiplodins were biosynthesized via highly reduced acyl intermediates in the same manner as other RALs. We synthesized [10,10,10-2 H 3 ] 9-hydroxydecanoic acid (4) and its N-acetylcysteamine thioester (SNAC, 5) as indicated in Fig. 3 .
Each of
2 H-labeled precursors 4 and 5 dissolved in DMSO was added to a 7-d-old culture of L. theobromae, achieving a final concentration of 5 mM. After an additional 10-d incubation, compound 1 was isolated by the same procedure as that for acetate-derived 1. The administration of 4 and 5 to 1 yielded 14.4 mg and 1.6 mg/150 ml of culture, respectively. The yield of 1 from the culture fed with 5 was nine times lower than that without 5, while the administration of 4 did not result in a lower yield of 1. The administration of 5 also macroscopically retarded the cell growth of L. theobromae, suggesting that 5 might inhibit fatty acid metabolism. The 2 H-NMR spectral data for both resulting 4 and 5-derived compound 1 in CHCl 3 exhibited one signal at 1.26 ppm, corresponding to deuteriums on the methyl group (C-15) as expected (Fig. 4) . The incorporation ratio was calculated by using FD-MS data by comparing the ½M þ This incorporation confirmed the involvement of highly reduced acyl intermediates, namely the 9-hydroxydecanoyl unit, in the biosynthesis of lasiodiplodin (1). Figure 5 indicates the entire biosynthetic pathway to 1, showing that five intact acetate units were condensed first by R-PKS to yield a highly reduced pantaketide acyl intermediate. The acyl chain was next transferred to NR-PKS, which underwent malonyl-CoA condensation three times, and an aldol condensation to give a resorcylyl intermediate. NR-PKS then catalyzed macrolactonization to construct a resorcylic acid lactone skeleton. Finally, O-methylation of the hydroxyl group on C-14 yielded lasiodiplodin as a post-PKS reaction. To the best of our knowledge, this is the first report on the biosynthesis of 12-membered resorcylic acid lactones via the direct incorporation of free fatty acid. The hydroxylation mechanism for the hydroxyl lasiodiplodin derivative (2) has yet to be revealed; whether the hydroxylation reaction occurs before the second NR-PKS reaction or after construction of the lactone ring. To elucidate this hydroxylation mechanism, further labeling or enzymatic investigation is required. overnight. The solvent containing excess Me 2 S was then evaporated, and the residue was dissolved in EtOAc (100 ml). The solution was washed with brine, dried over Na 2 SO 4 , and evaporated to give a colorless oil which was purified by silica gel column chromatography (250 g of silica gel, EtOAc:n-hexane = 40:60, v/v) to give 8.83 g of 3 as a colorless oil in a 67% yield. [10,10,10-2 H 3 ] 9-Hydroxydecanoic acid (4) . A solution of aldehyde 3 (1.50 g, 8.71 mmol) in dry Et 2 O (30 ml) was cooled to 0 C while stirring, and then treated with a Grignard reagent prepared from Mg (1.06 g, 43.6 mmol) and CD 3 I (1.89 ml, 30.0 mmol) in Et 2 O (20 ml). The reaction mixture was brought to room temperature and left overnight, before being treated with a saturated NH 4 Cl aqueous solution (20 ml) and stirred for 30 min. The solution was acidified with 1 M HCl (50 ml) and extracted with Et 2 O (50 ml Â 3). The combined extracts were washed with brine, dried over Na 2 SO 4 , and evaporated to give a colorless oil. This oil was subjected to silica gel column chromatography (150 g of silica gel, EtOAc:n-hexane:AcOH = 60:40:1, v/v) to give 1.00 g of 4 as a colorless oil in a 60% yield. [10,10,10-2 H 3 ] 9-Hydroxydecanoyl SNAC (5). To a solution of carboxylic acid 4 (589 mg, 3.08 mmol) in DMF (40 ml) at 0 C, diphenylphosphoryl azide (1.00 ml, 4.62 mmol) and Et 3 N (856 ml, 6.16 mmol) were added. After 2 h of stirring, N-acetylcysteamine (400 ml, 3.70 mmol) was added, and the mixture was stirred at room temperature overnight. The reaction was quenched with the addition of H 2 O (150 ml), and the solution was extracted with EtOAc (150 ml Â 3). The combined extracts were successively washed with 0.1 M HCl and brine, and dried over Na 2 SO 4 . The extract was concentrated in vacuo, and purified twice by silica gel column chromatography Culture conditions. Spores of Lasiodiplodia theobromae IFO 31059, which had been purchased from the National Institute of Agrobiological Sciences (NIAS) genebank, were maintained on a 2% potato-glucose agar medium (Nissui Seiyaku) at 27
Materials and Methods
C and transferred at 6-month intervals.
A piece (1 cm 2 ) of agar bearing the spore-formed culture of L. theobromae IFO 31059 was inoculated into a 500-ml Erlenmeyer flask containing 150 ml of a 1% potato-glucose medium. Each flask was statically cultured at 27 C in the dark. After 7 d of culture, AcONa (99 atom%, respectively) dissolved in 1 ml of H 2 O or the 2 H-labeled precursor dissolved in 1 ml of DMSO was added, and the culture continued for another 10 d.
13 C-labeled AcONa and the 2 H-labeled precursor concentrations were 10 mM and 5 mM, respectively.
Isolation of biosynthesized 1 and 2. The 17-d-old culture incorporating the stable isotope-labeled substrates just described was filtered. The mycelia were extracted with acetone (100 ml Â 3) and the filtered culture was extracted with EtOAc (150 ml Â 3). The combined extracts were dried over Na 2 SO 4 and concentrated in vacuo to give brown residue. This residue was subjected to PTLC Acetylation of 1. To biosynthetically 13 C-acetate-incorporated 1 (6.6-14.4 mg), pyridine (0.9 ml) and Ac 2 O (0.3 ml) were added, and the mixed solution was stirred overnight at room temperature. The reaction mixture was combined with 1 M HCl (15 ml) and extracted with Et 2 O (5 ml Â 3). The combined extracts were washed with brine and dried over Na 2 SO 4 . The extract was then concentrated in vacuo to give acetylated 1 in a yield of 97-99%. HREI 
